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18, ABSTRACY

This report describes a broad experimental program that was undertaken to assess
the feasibility of reducing NOy from aircraft gas turbine engines by fuel modification
The Esso High Pressure Cannular Combustor was used to simulate the characteristic
emissions of gas turbines at full power operation. Over 70 fuel modifications were
tested using Jet A as the base fuel.

Soluble compounds of cobalt, iron, magnesium, and copper reduce NO, by as much as
30% when added to the fuel at a treat rate of up to 0.5% (w)., Compounds of sodium
reduce NO_, by as much as 26% when added as suspensions or in aqueous emulsions. An
aqueous emulsion containing 37 ppm (w) hydrazine acetate reduce NOx by 15%, but this
modification was not consistently effective. None of the investigated additives were
fully acceptable because of the relatively low NOy reduction that was obtained even
with high additive treat rates,

A simple expression was derived which is useful in estimating NO levels in gis
turbine combustors when equilibrium NOx concentrations and tempeature are known.
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FOREWORD

This report describes a study carried out by Esso Research and
Engineering Cowpany for the United States Air Force under Contract No.
F33615-71-C-1575. The study examined the feasibility of reducing oxides
of nitrogen emissions from aircraft turbine engines by fuel modification.
The work was performed from April 26, 1971 to May 31, 1972 at the Esso
Research Center in Linden, New Jersey. Lt. William S. Blazowski of the
Air For.» Aero Propulsion l.aboratory was the responsible Government
Engineer. Capt. Donald L. Champagne held this position during the initial
phase.

The experimental work was skillfully carried out by Mr. C. 3. McCoy.
Valuable advice was obtained from Messrs, V, J. Siminski, 0. G. Lewis,
A. Skopp and Dr. J. P, Longwell,

This technical report has been reviewed and is uppiov-d.

7 /1 4. e
ARTHUR V. CHURCHT' .., CHIEF
Fuels Branch

Fuels and Lubx.~i¢:on Division
Air Force Aero "rcpulsion Laboratory
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ABSTRACT

A broad experimental program was undertaken to assess the feasi-
bility of reducing NO, from aircraft gas turbine engines by fuel modifications
(additives and/or treatments). The modifications were selected without re-
gard to practical limitations in order not to obscure potentially useful
approaches, The Esso High Pressure Cannular Combustor was used to simulate
the characteristic emissions of gas turbines., Over 70 fuel modifications
wvere tested using Je. A as the base fuel,

Soluble compounds of cobalt, iron,manganese and copper reduced N0,
by as much as 30% wher. added to the fuel at a treat rate of up to 0.5% (w) metal.
Compounds of sodium reduced NO, by as much as 26% when added in suspensions
or in aqueous emulsions. An aqueous emulsion containing 37 ppm (w)
hydrazine acetate reduced NO, by 15%, but this modification was not con-
sistencly effective, None of the investigated additives was fully acceptable

because of the relatively low NOy reduction that was obtained ever with high
additive treat rates.

The experimental work was carried out at an overall air to fuel
ratio of around 50 and at a pressure of 48 psig. The exhaust gas composition
was representative of aircraft turbine engines with the exception of the
carbon monoxide levels which were too high. A statistical analysis of
results with unmodified Jet A fuel indicated that variation of air inlet
moisture from 0.00025 to 0.0025 1lb of water per 1lb of air,and pressure
variations between 45 and 60 psig had an insignificant effect on NOx pro-
duction over the range of the experimental work.

A simple expression was derived which is useful in estimating
NO levels in gas turbine combustors when equilibrium NO concentrations and
temperatures are known.
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I.

17,

III.

Iv.

V.
V1.

VI1I.

TABLE OF CONTENTS

stY.l..l....l..l..
anCTION.goa.......o

l. Mx Fcl’-n.l.itiont . » . - . L) L] L] ]
2, Aircraft Gas Turbines. . « « - o«
3. Fuel Modifications « « « « o & &

EXPERIMENTMI e & 8 & ¢ o ¢ 2 e s 9

1, Combustor. « ¢ ¢ o+ o o ¢ « o o &«
2, Air and Fuel Feed System , . . .
3. Sampling and Analytical System .

RESULTS..---..-....--.

1. Emissions with Unmodified Fuel .
2, Emissions with Modified Fuel . .
DISCUSSIONS. & « o o ¢ o o o o o o »
CONCLUSIONS AND RECOMMENDATIONS. , .
REFERENCES o ¢ ¢ « o o ¢ o ¢ ¢ o & »
APPENDIX I EXPERIMENTAI RESULTS.

APPENDIX II REFERENCE EMISSIONS .

APPENDIX III  MODIFICATION EFFECTIVENESS.

APPENDIX 1V

APPENDIX V

APPENDIX VI

KINETICS OF NO FORMATION IN

UNMODIFIED JET A EXPERIMENTAL

MATERIAL BALANCT CALCULATIONS

GAS TURBINE COMBUSTOR , . . .

APPENDIX VII  COMPUTER PROGRAM, . .

Preceding page blank

- Y -

LI Y B )

e o e

+ 10
18

18
22
24

33
37

47

56
73

82

102

. 106

. 117




10

11

12

13

14

15

16

LIST OF ILLUSTRATIONS

NO, Equilibrium in Jet A Combustion. . . . .
NO, Levels in Aircraft Turbine Engines . . .
High Pressure Combustor. . « « « s ¢ ¢ o o &
Components o€ Combustor. . « + v s ¢ & & & &
Guartz Sleeve With Can II. . & v ¢ ¢ & & o &«
Combustor Flowsheet. ¢« + « ¢ ¢ o ¢ ¢ &« & « &
Schematic of Sampling and Analytical System.
Comparison of Calculated and Least Squares

rn~lationship of NOy from Unmodified Jet A

as a Function of Equivalence Ratio ., . . . .

NOx Reducing Ability of Transition Metal
Additives and Heterogeneous Catalysts. ., . .

Effect of Concentration on NOyx Reducing
Ability of Iror. and Manganese Additives. . .

Effect ot Concentration oxn NO, Reducing
Ability of Copper a1d Cobult Additives . . .

Effect of Wate: on the NO; to NO, Ratio. . .

NO, Reducing Ability of Alkali Metal
Hydroxide Water Emulsions. « « &« ¢« ¢« « o« & &

Effect of Temperature on N02/N0x Ratio . . .
Effect of Temperature on § . 4 o« « o « o o &

Arrhenfus Plot of 6. « &+ « o ¢ o ¢ o ¢ ¢ &« &

19
20
21
23

25

39

40

42

43
44

45

50

, 113

114

Ny s aneam e




11

II1

VI

VIiI

VIII

IX

X1

XII

XIII

XIV

XV

Xvli

XVII

XVIII

XIX

XXI

LIST OF TABLES

Average Gaseous Emissions from Commercial
Aircraft Engine (13). . . « ¢ + & v o 4 o &

Average Gaseous Emission from Commercial
Aircraft Engines (14) + ¢ « ¢« ¢ o v o o o &

Empirical NO, Model . . + o « & ¢ o 4 & « &

Average Gaseous Emissions from Commercial
Aircraft Engines (13) . . ¢ ¢« ¢ o ¢ ¢ & ¢ &

Experimental Conditions . « . + & & & & o &
List of Fuel Modifications - Metals . . . .

List of Fuel Modifica:ions - Emulsions. . .

List of Fuel Modifications - Homogeneous Additives.

Correlation of NOx with Other Emissions

and TemperaturesS. « « « o« o ¢ s o s s o o o o o o o

Least Squares Relationships for Can II, . . . . . .

Least Squares Relationships for Can I ., . . « + « &

Correlation of NOx with Other Emissions and Temperature

NOJ Reducing Effectiveness of Various Addivives . . . .

Experimental Results - Mole Iraction Uni‘s.
Experimental Results - Emission Index Units
Reference Emissions . « o « ¢« o o o o « o &
Percent Change Due to Modification, . . . .
Rung with Unmodified Jet A Can I. . . + . &
Runs with Unmodified Jet A Car II , . . . .
Runs with Unmodified Jet A Can I. . . . . .

Runs with Unmodified Jet A Can II , . . . .

- vii ~

. 65

.83
.92
. 94
.97

.99




No.

XXII

XXII1

XXIV

XXvV1

XXVI1

LIST OF TABLE: (Cont'd.)

Equilibrium Calculation Jet A (CjH; g7gg) at
58.8 PSIA. . . L) L) . . L] L] . . . . . * L] . L]

Time to Achieve a Particular p « + ¢ ¢ « o o
Range of Errors in Using Equation (6). . . .
Kinetic Parameters for Equation (5). . + . .

Comparison of Calculated and Observed
NOx Levels - Adiabatic Flame Temperature . .

Effect of Non-Adiabatic Flame
Temperature on Residence Time. . » « + « o &

- viil -

107
111
112

115

116

116



; R
4
i
3
i
3

SECTION I

SUMMARY

A broad experimental program was undertaken to assess the feasi-
bility of reducing NOy from aircraft gas turbine engines by fuel modifica-
tions (additives and/or treatments)., The modifications were selected without
regard to practical limitations in order to fully evaluate the fuel modifi-
cation concept and to uncover promising leads. Practical considerations
could obscure potentially useful approaches.

The Esso High Pressure Cannular Combustor was used to simulate
the characteristic emissions of gas turbines, Approximately 70 fuel modi~
fications were tested using Jet A as the base fuel, These fell into seven
general categories:

(1) Soluble organometallic additives which become heterogeneous
reduction or decomposition catalysts.

(2) Additives that scavenge or recombine oxygen atoms.
(3) Addi*ives that reduce pe.k temperatures.

(4) Additives that delay ignition.

(5) Additives that change spray fluid-dynamics,

(6) Additives that decompose NO or inhibit the NO
producing chain reactions.

(7) Combinations of the above for synergistic effects.

Category 1 proved to be the most effective in reducing NO, emissions.
The transition metals added to the Jet A fuel as organometallic compounds
rziuced NO, more effectively than other additives. In particular, compounds
of cobalt, iron, manganese and ccpper reduced NO, Ly as much as 30% when
added to the fuel at a treat rate of up to 0.5% (w) metal, In the alkali
metal family, sodium proved most effective by reducing NO, up to 26% at a
treat rate of 0,1% (w). Sodium was added in a suspension as a carbonate
or in an aqueous emulsion as a hydroxide, Zirconium reduced NO_ by 11%
and 22% at treat rates of 0,1 and 0,2% (w) metal respectively. “An aqueous
enulsion containing 37 ppm (w) hydrazine acetate reduced Nu, by up to 15%,
but this modification gave erratic results,

Must other additives were either ineffective or reduced NOy by
less than 10%. It is noteworthy that all nitrogen containing compounds
added at treat levels of more than 0.5% (w) increased NO, by about 50%.
This corresponds to a conversion of up to 30% of the chemically bound
nitrogen to NOyx., None of the investigated additives was fully acceptable
because of the relatively low NOy reduction that was obtained even with
nigh additive treat rates,



The experimental work was carried out at an overall air to fuel
ratio of around 50 and at a pressure of 48 psig. The exhaust gas composi-
tion was typical of the latest aircraft turbine engires with the exception
of the carbon monoxide levels which were too high. A statistical analysis
of results with unmodified Jet A fuel indicated that variation of air inlet
moisture from 0,00025 to 0.0025 1b of water per lb of air, and pressure
variations between 45 and 60 psig had an insignifcant effect on NO, pro-
duction over the range of the experimental work.

A kinetic analysis of the mechanism for NO formation at elevatad
temperature due to air fixation indicated that the experimental results are
reasonable. A simple expression was derived which is useful in estimating
NOx levels in gas turbine combustors when the equilibrium NO concentration
and temperature are known,
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SECTION II : ' :
INTRODUCTION

The oxides of nitrogen /N0 ) are one of the major air pollutants
in our atmosphera. On a total tonnage basis, the combustion of fossil
fuels in motor vehicles, electric power plants, and industrial boilers
accounts for most of the emissicas of NO . However, the relative importance
of uncontrolled NO emissions from varioils smaller sources such as jet
aircrafc can be exgected to incregse in the future as increasingly
stringent air pollution contrcls take effect for automobiles and stationary
combustion equipment. Consequently, the NO_ problem associated with such
sources as jet aircraft can no longer be igﬁored inthe overall national
effort to imprcve the quality of our environment.

! .

There are two ways in which the prbblem of controlling NO
emissions from jet engines can be approached. The first would be £d
modify the engine design, primarily the combustor' section, in order to
provide temperature, residence time and oxygen concentrations less
favorable to the formation of uitrogen oxides. Unfortunately, such ‘engine
modifications would cost billions of dollars anc take years to fully
implement. The alternate approach involves modifying the fuel to reduce
NO emissions. Compared to engine modifications, the potehtial sav1ngs'
in both cost and time that the fuels approach provides is simply too
great to dismiss without some kind of broadly based systematic empirical
study, |

1

1, No_ FORMATION o r 1 |

i

Oxides of nitrogen (NOx) are produced in all fuel combustion
processes using air as the oxidizer. At flame temperatures, the combination
of atmospheric oxygen and nitrogen results in the formation of nitric :
oxide (NO). The rate of NO formation and decomposition is very highly

temperature~dependent. The mechanism of formation of NO from nitrogen
and oxygen follows the chain reaction sequence first postulated by
Zeldovich (1) for the H2-02-N2 reaction system and confirmed by shock
tube studies on Np-0p mixtures (2).




k
0. + M —3i 20 + M (1)
0 + N, ——> NO + N (2)

k
N o+ 0, ——2 NO + O (3)

Although it is now generally accepted that the bulk of the NO
in combustion processes is produced by the Zeldovich mechanism, recent
studies (3), with premixed flat flames indicate that NO may be formed at
rates higher than this mechanism predicts for hydrocarbon/air combustion.
This "prompt NO" formation, which has not been observed in either hydrogen/
air flames or CO/air flames may involve an attack of carbon or hydrocarbon
radical on nitrogen molecules. This could result in the formation of HCN
and atomic nitrogen which would then lead to the formation of NO at rates
higher than those predicted by the Zeldovich mechanism. On thea other
hand, the reported high rates of NO might be equally well explained by
the existence of super-equilibrium concentrations of O-atoms in the flame
zone,

Besides the atomic chain route, NO can also be formed by
reaction (4).

K
O + N —2—> N0 + H (4)
kg

This veaction becomes important only under fuel rich conditions where the ;
low oxygen concentration decreases the rate of reaction (3).

The kinetic mechanism consisting of reactions (1) through (4) can
be solved analytically by assuming that all combustion is complete prior
to NO formation, all combustion species except NO are in chemical equilib-
rium at the adiabatic flame temperature, and nitrogen atoms have achieved
a steady state (d(N)/dt = 0). A full mathematical treatment is given in
Appendix VI. The resulting expression is:

(6+1) 1n (1-p) + (8-1) In (1 +p) = -6t (5)




where,

& %
k 3 2
4 KNO X
k 0
§ =2 £
1+ T i‘g_ﬂ.>
k X
AN X,
p = reduced NO mole fraction with respect to equilibrium = o .
0,e
t = time in seconds,
Xi = mole fraction of component i,
P = pressure in atmospheres.

3
cm atm cal

t t = . =
R = gas constan 82.057 ols °K 1.987 e % -

T = temperature in %.

[ o]
| ]

-1
, 8ec .

¥ ks
4k31<° P xNZ!s
kS RT

Equation (5) can be simplified for the practical conditions of
aircraft combustion where p £ 0.2 and § < 0.8 with an error of less than
9% to

. (6)

N‘g




Equation (6) is useful for estimating NO levels in gas turbine
combustors with fair accuracy since "prompc NO" is mirimal under fuel
lean conditions., This will be illustrated in Section iV which describes
the results.

Organic nitrogen compounds present in the fuel provide another
source of NO in combustion processes. Based on experimental evidence,
the role of fuel nitrogen appears to vary from being the dominant source
of NO at low combustion temperatures to being of minor importance at
high temperatures. 1In general, this source of NO is not important in
aircraft engine operation since jet fuel contains less than 50 ppm (w)
nitrogen and would contribute less than 0.16 1b NOx (as NOy) per
1000 1b of fuel,

The main environmental problem associated with NOx emissions is
actually due to NO2. The btackground presented above relating to NO

formation is important because NO is the major precursor to NO2 formation.
Nitrogen dioxide contributes to pollution by reacting with hydrocarbouns,
ozone and light to produce smog. In addition, NOp reacts with water to
produce acid which causes corrosion problems, and it absorbs visible

lighc which reduces visibility as well as contrast and brightness of
distant objects.

From the standpoint of minimizing total NOyx emissions, it is
fortunate that the concentration of NO2 in and near the combustion zone

is very low. This results from the fact that NOy is thermodynamically
unfavorable at combustion temperatures. In addition to this thermodynamic
limitation, there is also a kinetic limitation at high temperature. The
oxidation of NO by Oy via reaction (7) is one of the few known reactions

M0 + 0, —> 2vo,, @)

whose reaction rate decreases with increasing temperature (4). The
consequence of these thermodynamic and kinetic limitations is that the
amount of N02 emitted by combustion sources is limited to a few percent

and only as the combustion gases cool in the atmosphere does any significant
amount of the reddish brown NO, begin to form. The other six oxides of
nitrogen (N,0, Ny0,, NyO3, N0, NyOs, NO3) play orly insignificant roles

in combustion processes.

2. AIRCRAFT GAS TURBINES

In an aviation gas turbine engine, inlet air is continuously
compressed, mixed with liquid fuel, and then burned in a continuous
combustor. Quantities of air greatly in excess of the stoichiometric
fuel requirement are compressed and used to keep the combustor liner
cool and to dilute the combustor exit gases so as to avoid damage to
the turbine and nozzle.
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ks The primary section of the combustor is operated near

3 stoichiometric conditions (genmerally rich for military operations)

v and produces combustor gas temperatures in excess of 3800°F depending

. on the engine pressure ratio. Further down the combustor, secondary air
is added which rrises the Air/Fuel ratio and lowers gas temperatures.

3 Gas temperatures exiting from the combustor are in the range of 2000°F

4 depending on the engine pressure ratio. The fuel injection pressure

3 varies. It is typically 600 psi for full power and as low as 60 to

100 psi for idle conditions in conventional aircraft. Newer fuel
injection techniques involve yremixing or carburization where the

g, ! fuel is atomized and vaporiced by shearing with the available air

-8 flows. In these aircraft,much lower fuel pressures are required.

) The pressure drop across the length of aircraft turbine engine

A combustor is generally about 5%. The total absolute operating pressure

is in the range of 20 to 300 psi.

5 Aircraft turbine engines generally operate more efficiently
then reciprocating internal combustion engines and therefore do not
exhaust high levels oI objectionable gaseous emission. The emissions
that are classified as pollutants are emitted either during idle when

CO and unburned hydrocarbons are maximized or during full power operation
or take-off when NO; and smoke emissions are maximized.

Since NO, formation is thermodynamically favored by high
! temperatures, and finetic studies indicate that the rate of NO formation
; has a high activation energy (V115 kcal/mole), the major formation of
k- NO must take place in the high temperature primary combustion zone.
R This point is illustrated in Figure 1. It is based on computer calculated
3 equilibrium values (35) for the operating conditions used in this
% experimental program. The kinetic curve was obtained using Equation (V')
k. for 2 milliseconds residence time. The equilibrium and kinetic data
4 were converted into units of emission index in 1b »er 1000 1b of fuel.
This was done in order to present the data in a geaeral format which
P avoids the effect of dilution. Using emission index, one can rank different

% aircraft engine designs which may have radically cifferent recirculation
3 patterns as well as other types of power plants. .Jote that the maximum
k. equilibrium value of NOy occurs at an equivalence 1atio of 0.8 and is a

factor of 20 larger than one would calculate based on kinetic limitations.
E The maximum kinetic value of NO, is about 7.9 1b/1000 lb of fuel at an
9 equivalence ratio of 1.0. Since gas turbines generally operate at full
power at an equivalence ratio of about 0.3, the N0y produced in the
primary zone under stoichiometric conditions is diluted lLiy a factor of
about 3.3, By using emission index units, no dilution corrvection needs to
be made.

There have been numerous investigations of the composition of
exhaust gases from aircraft gas turbines (6-13). Most of these studies
were made with nearly atmospheric pressure cannular combustors or with
actual model gas turbines. 1In general, the exhaust gases from cannular
combustors tend to have higher concentrations of carbon monoxide and

4
-
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unburned hydrocarbons and lower concentrations of oxides of nitrogen

when conpared with actual gas turbines. This is partly due to higher
surface to volume ratios in laboratory units which make them less
adiabatic. Additional factors which cause higher concentrations of CO
and unburned hydrorarbons and lower NO, concentrations in laboratory
anits are: poorer fuel injection, poorer mixing, less efficient
ccmbustion, improper air distribution, and lower air preheat temperatures.
In addition to the factors mentioned above, the higher NO, levels in

the exhaust of gas turbines is believed due to higher pressure and
temperature operation than in cannular combustors. The concentration

of NO which generally comprises in excess of 80% of the NO, emissions
from aircraft gas turbines is not predictable from equ111br1um cal-
culations. Figure 2 is a plot c¢f data obtained from emissions measure-
ments from representative aircraft gas turbines(14,15). These experi-
mental results are compared with the equilibrium curve for 4 atm pressure
and 400°F preheated air,

Some field surveys of the emissions of aircraft engines were
recently published. Cox, Penn and Chase (13) measured the emissiors of
25 aircraft turbine engines using Jet A fuel. Their results are presented
in Table I. Hare, Dietzmann and Springer (l4)reported on emissions
measurements from two military engines and six commercial engines. Their
data wern~ converted tc emission index units using the equations derived in
Appendix V. The average baseline NO, emissicns from the military and
commercial engines are presented in Table Ii. 4. W. Nelson (122 measured
the emission from nine JT3D, nine JT8D and four JTYD engines. He found
that the empirical equations listed in Table III predict his results in
pounds of NO, per pound of fuel. Nelson's average experimental values are
given in Table IV, emissicn levels of up to 420 ppm or an emission
index of 36.8 1b per fOOO 1Ib fuel were measured with the JT9D engine.

3. FUEL MODIFICATIONS

Very little werk has been reoported on the use of additives for
reducing NOy emissions. One of the more comprehensive efforts was reported
by Martin, Pershing and Berkau (16). They found the® no additive was
effective in reducing NO, in stationary power plant boilers, but iron,
manganese and cobalt reduced particulate emissions. Some of the nitrogen
containing additives increased NO, emissions. Altwicker, Fredette and
Shen (17) reported that 1.0% (v) cobalt naphthenate reduced NOy in their
laboratory burner set-up by 16%. Meguerian (18) investigated the effect
of 29 fuel soluble organometallic compounds at a concentration level of
one gram of metal per gallon of fuel. He found that chromium
acetylacetonate, cobalt octoate, and nickel naphthenate were ''very
effective" in reducing Nuy under fuel-rich conditions. Copper naphthenate
and cerium octoate were ''less effective'" and the rest of the additives
were not effective. Under fuel-lean conditions, none of the additives

- 10 -




TABLE I

AVERAGE GASEOUS EMISSIONS FROM COMMERCIAL AIRCRAFT ENGINES (13)

Engine operating parameters Components, 1b/1,000 1b fuel
Mode Thrust, | Fuel, |[Fuel-air [ CO NO; HC Aldehydes
1b 1b/hr | ratio il
JI3D-1 ENGINF (1 ONLY)
P ¥ P 930 900 0.0078 87.1 2.0 91.4 5.1
Part power (trim)....| 8,4C0 | 4,500 .0114 4.7 8.3 .25 .08
Cruise.cevescsvsccese; 8,750 | 4,690 .0116 4.3 8.4 .27 .06
Maximum continuous...{ 11,610 | 6,390 .0123 2.3 9.7 .17 .03
Takeoff..eoeesocessasl 14,360 | 8,170 .0137 1.4 12.5 .11 .02
JT3D-3B ENGINES (3)
Jdle.iieeanescacenses 870 925 0.0075 96.6 2,1 1107.9 5.4
Part powér (trim)....| 10,955 [ 5,950 0114 2.3 9.1 .19 .04
Cruise....ceccevesess]| 10,875 | 5,895 L0114 2,7 8.6 .20 .05
Maximum continuous...| 13,280 | 7,300 L0127 1.7 8.8 .17 .03
Takeoff..oeoseaeaosnsa) 15,900 |9,185 .0143 1.3 1114,2 1,28 .02
JT8D-1 ENGINES WITHOUT RETROFIT (3)
Idleseseecscocasennes 950 | 1,030 0.0028 45,5 5.1 9.3 1.7
Part power (trim)....| 9,240 | 5,410 .0086 3.5 12,0 .16 .03
Cruise..cceessescsees| 10,650 | 6,260 .0100 2,7 12.5 .12 .02
Maximum continuous...| 11,690 | 6,905 .0105 2.5 14.0 .12 .02
Takeoffoeiooosoenasaso] 12,545 | 7,555 0112 2.5 16.5 L12 .01
JI8D-1 ENGINES WITH RETROFIT (5
Tdleeeieesescansnanse 995 | 1,080 0.0041 30.8 2.9 5.5 1-1
Part power (trim)....] 9,185 | 5,445 .0100 1.9 H ) .10 .03
Cruise..veevesanesses| 10,540 | 6,260 .0109 1.5 13.4 .11 .03
Maximum continuous...{ 11,680 | 7,010 .0116 1.4 17.4 .08 .03
Takeoffo.veosesasesos] 12,4650 | 7,480 0122 1.3 18.9 .07 .03
JT8D-7 ENGINES WITHOUT RETROFIT (2)
Ydle.eoeososcavansase]| 1,025 | 1,075 0.0026 44,2 5.1 10.9 1.7
Part power (trim)';..| 9,750 | 5,740 .0099 2.9 11.6 .08 A
Cruise.scecscesesenss} 10,860 | 6,400 .0106 2.5 12,2 .29 .04
Maximum continuous...| 12,060 | 7,170 .0116 2,1 13.8 .17 05
Takeoff.ovosseoseaess] 13,055 | 7,885 .0126 1.9 15.2 .10 .05
JT8D-7 ENGINES WITH RETROFIT (2
Jdle.esooessonasonocs 960 | 1,060 0.0031 26.8 4,0 5.9 -
Part power (trim)....| 9,755 | 5,705 .0101 1.6 12,7 .12 -
C!‘uise..;...-.....;-. 10,855 6,420 00114 1.4 14.3 .26 -
Maximum continuous...| 11,875 | 7,105 0124 1.3 15.9 .21 -
Takeoff...o0eeavcasss] 12,710 | 7,685 L0132 | 1,2 17,1 .16 -
JT8D-9 ENGINES WITH RETROFIT (6
b €. ) X - T 980 | 1,040 0.0028 28,2 4.7 8.4 1.2
Part power (trim),...| 10,485 | 6,095 L0115 1.8 14.3 .11 .04
CouiS€.vescveseeassss] 10,830 | 6,310 .0117 1.7 14,1 .19 .05
Max timum continuous..5| 11,895 | 6,975 .0126 1.5 15.6 .18 .04
Take. ff,.c0eacoessaso] 13,570 | 8,200 .0140 1.2 18.1 .18 .04
511-14 SPEY ENGINES (&)
Jdlesiievosvonransans 625 915 0,0067 97.5 2.0 57.3 5.6
Takeoff.. <eaveeesses| 11,140 | 7,370 .0147 2.3 18.8 .13 .06
Checkpoint l.i¢eesseq| 10,705 | 7,005 .0141 2.4 18.1 W11 .05
Chezkpoint Zisveeesss| 10,140 | 6,545 .0135 2,7 18.5 A1 .04
Checkpoint 3...e0vees| 9,575 | 6,145 .0130 2,8 18.3 .11 .04
Checkpoint 4., ..ol 7,490 | 4,685 L0114 3.9 15.6 ,12 .04
10ne engine onl;.
- 1l -
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TABLE LiT

EMPIRICAL NOy MODEL

Engine Equation
JT8D No_ = .0237 + .0L71 EPR - .214 x 107 Q
JT3D NO_ = -.0098 + .0140 EPR - .194 H
JT9D No_ = -.093 + .0770 EPR - .263 x 100 T - .313 n

where Q = Hewuc of Combustion ~18,500 Btu/lb.
EPR = Engine Pressure Ratio
H = Humidity ~1b water/1b air,

T = Inlet Temperature JSF,




TABLE IV

AVERAGE GASEQUS EMISSIONS FROM COMMERCIAL ATRCRAFT FNGINES (13)

Engine
J73D

JT8D

JT9D

Fuel NO, NO,
Thrust riow Ibs/ 1 Sigma
Mode Ibs lbs/hr 1000 ibs Fuel Variation
Idle 900 1,070 2,25 0.85
Approach 5,228 3,573 4.87 0.85
Climb 16,400 8,120 11.92 0.85
Takeoff 18,000 9,420 13.63 0.85
1dle 800 920 1.7 0.78
Approach 3,555 2,700 5.39 0.78
Climb 12,600 7,020 15.60 0.78
Takeoff 14,500 8,400 18.60 0.78
Idle 3,550 1,976 341 1.9
Approach 15,009 7,515 11.42 1.9
Qlimb 39,650 14,109 30.00 1.9
Takeoff 45,500 16,641 36.80 1.9

-~ 14 -




reduced NO,. These tests were run in a pulse-flame apparatus. McCreath
(19) reported that isoamyl nitrate and ditertiary butyl peroxide reduced
NOx by 17 and 10% respectively in diesel engines. The effectiveness of
these additives varied with concentration and age of the blend. Hare

et. al. (14) added up to 0.1% (v) CI-2 (see pg. 29 for chemical composition)
is some of the aircraft engine tests to determine the effect of additives
on the level of emissions. No comprehensive analysis of the data was
presented but it appears that hydrocarbons and CO increased slightly

while NOy decreased by up to 8%.

In addition to the organometallic additives mentioned above,
there has been considerable work in reducing NOy from gas turbines by
additing water or steam to the combustor primary zone. Klapatch and
Koblich (20) reported about 80% reduction of NOy using 0.9 1b of water
per 1b of fuel (60 ppm (v) were reduced to 12 ppm (v) at 16 MW

operation). They also found that the ratio of NO, to NO, increases as
more water is added per pound of fuel.

It v.o clear from the research described above that the efforts
in reducing NO, emissions should be systematized. In an attempt to broadly
evaluate the concept of NO, reduction with fuel modifications the possible
techniques were categorized s follows:

1. Soluble additives which become heterogeneous catalysts for:
A. Reduction

2NO + 20 ———>» N2 + ZCO2

B. Decomposition

2N0 ———> N2+02
For example: Co, Na, Fe, Ni, Sb, etc.
2. Additives that scavenge or recombine oxygen atoms
A. Scavenge
0 + CF, —_— COF, + F
B. Recombine

O+X, —> 0X+ X

2
0+ 0X

—_—> O2 + X

For example: CCl&’ (CF3)2CH0H

- 15 -




7.

Additives that reduce peak temperature
A. Radiative heat transfer with solids

For example: Dicyclopentadiene to produce soot,
organometallics to produce oxides

B. Endothermic physical conversion

For example: Emulsion of water, alcohol, ammonium
formate, hydrazine acetate

Additives that delay ignition and thus reduce exposure
time at prak temperatures

For example: analine, ether

Additives that change spray fluid-dynamics

For example: polyisobutylene, dissolved polymers
Additives that decompose NO

Nu + NH

N2 + OH
For example: analine, ammonium formate, hydrazine
acetate

Combination of the above approaches for synergistic
effects

For example: Sb + CCl,, 0.7 Ni + 0.3 Cu (Monel)

4

These categories are only an attempt to systematize the research
and are not meant to imply that a mechanism for NOy reduction is known.
No attempt to determine the actual NOx reducing mechanism was made in this

program.

The following factors were of secondary importance in this pro-
gram but should be considered in evaluating the effectiveness of practical
fuel modifications:

1.

The tendency of fuel additives to cause problems (chemical
incompatibility, loss of fuel thermzl stability, etc.)
generally varies with concentration. Experience indicates
that any compound that is required in concentrations
greater than about 0.25% by volume in real turbine systems
will not be practicable.

- 16 -




2. A "fully effective modification™ should, by definition, be
capable of reducing thé NO, emission index by more than
. 90% with a réasonable additive concentration.

3. It is improbable-that any modification will find wide
acceptance 1f it increases fuel cost by more than i07
(approximately one cent per gallon modified) when in .
large quantity production. However, if the fuel additive-
is used on a demand basis such as during take-off, then
a high additive cost could be golerated.

}
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SECTION IIX

EXPERIMENTAL

A high pressure cannular combustor was developed in order to test
whether potential fuel modifications cam reduce oxides of nitrogen emissions.
The NOx emissions from actual aircraft turbine engines can be better simu-
lated with the high pressure laboratory unit than with atmospheric pressure
units. A continuous sampling and analytical system was developed which
overcomes many of the difficulties and inherent errors of batch sampling,
This section describes the design and operation of the combustor and the
analytical system.

1, COMBUSTOR

The experimental apparatus consists of a high pressure cannular
combustor similar to those used in aircraft gas turbine engines. Figure 3
is 2 scaled drawing of the Esso Cannular Combustor., The combustor's outer
sleeve was initially made out of quartz in order to permit continuous view-
ing of combustion uniformity. Due to frequent breakage of the quartz, the
outer sleeve was changed to one made out of Inconel., Periodic checks with
a quartz sleeve showed that the two materials gave equivalent results. A
60-deg hollow cone 0,50 gallon per hour nozzle was used to feed Jet A fuel,
Air was fed through a distribution box and was then swirled through the
fuel feed zone and the secondary and qu:nch zones. Figure 4 is a photfo-
graph of the combustor components. The primary zone (surrounding ti.e
nozzle) provided additional swirl by injecting air *“angentially. 1ke pri-
mary zone average velocity was celcnlated to be 40 ft/sec which is lower
than the 80 ft/sec attributed to modern aircraft combustors. The can was
made out of Hastelloy X and is 2 in, in diameter and 6 in. long. The hole
sizes in the can provide for the following air distribution,

Primary Zome 30,3%
1L/D 12.2%
2 L/D 15.9%
3L/D 41.5%

A minor modification in the equipment was made after Run 45. The
modification consisted of dimpling the can after standard construction., A
photograph of this dimpled can (Can II) is shown in Figure 5. The original
type of can (Can I) was modified to avoid the following problems:

1, Flames occassionally shot out through the secondary air
holes of the can, It was necessary to avoid this in
order to maintain a consistent basis for determining NOy
reduction with modified fuel.

- 18 -
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2, The can experienced an aging effect after about 20 hours
of operation. This caused a decrease in combustion
efficiency. The ratio of CO to COp climbed while the
NO, levels and the exit temperatures decreased from
expected values, The installation of a new can was
necessary in order to continue operation. The reason
for the decrease in combustion efficiency was not
determined,

One can postulate that the aging problem was caused by ineffec-
tive cooling of Can I, thus causing fuel to pyrolyze on the hot metal surface
and producing carbon deposits. These deposits further reduced the heat
transfer characteristics of the can and provided a hot carbon surface that
could reduce NO, The hot carbon surface could also react with the excess
oxygen available in the combustor and increase the level of CO. Ultimately
the can would fail structurally. An aging effect was recently discussed
by H. T. McAdams (21) for JT8D engines. He reported that in 18 tests of
engines that had gone up to 3000 hours between overhauls of the hot section,
the NOy levels decreaseu as engine age increased, McAdams did not discuss
the mechanigm of N0, reduction as a function of hot section age.

A high frequency discharge was used for ignition., The combustion
gases passed through a stainless steel type 446 orifice which choked the
flow to maintain the chamber pressure at 4 atmospheres. The chamber pres-
sure could be increased to 6 atmospheres by changing the orifice plate or
by increasing air and fuel flow rates. Static pressure was monitored at
three points along the combustor length. The exhaust gases were sampled
in a 10" atmospheric pressure sleeve after the nrifice. Two sets of
chromel-alumel thermocouples 3 in, apart were used to ascertain whether
combustion had ceased, One set was located 4,5 in., from the orifice plate
and the other set was 7.5 in. from the plate,

2. AIR AND FUEL FEED SYSTEM

The air and fuel feed system is shown schematically in Figure 6,
The air feed system consisted of a compressor followed by an 18 ft, dia-
meter sphere, The pressure in the sphere was maintained at approximately
100 psig. The sphere acted as a ballast for maintaining a constant pres-
sure supply of air. The air coming from the sphere was filtered and regu-
lated to 80 psig. The moisture level of the incoming air was continuously
monitored. The moisture level varied by a factor of 10 depending on the

ambient humidity. After the air flow rate was determined with a rotometer,
it was preheated to 425°F,

The fuel feed system consisted of 2 pyrex 5 gallon reservoirs and
an Eastern close coupled pump. As can be seen from Figure &, the pump was
used to fill the pyrex vessels as well as to feed fuel to the combustor,

A back pressure regulator provided a fuel stream of approximately 350 psig
to the fuel feed line while the rest of the fuel was recirculated. The

- 22 -



L33IHSMOTd ¥0LSNAWO0D

9 3anbl 4
v 13r YIONVHOIX3
y
WNY¥Q V9 S§ wo%ﬁm:uomua 1vaH
dinnd Nova »
o)
u Alddns ¥iIv
p 4ILVM AL3SVS
" AL34vS T 1u8/1
1vis
SSV19 3002
a3Y¥31INIS HOLIMS. —
g Lood §LN3A MY o€
3¥NSS3¥d | y3)van
37891374 e
331114
(Oh) 9L — - 510
(N2 J0" LIN 3SNOH) 394nd N INEEELAS ..mu |
JATVA 37a35N X M <
’ ]
_ IN10d m3a A.r
®w| Z 3¥NSVaW ne
m Al visd 001
Y = W40 041
(01 24 o
- (oD
z oL
Y3TTO0YLNOD
(v2) 40001 AL3dvs
s,oL 21
|
1 J0LSNANO0I  —

€d ¢4 14

SEWlaareronposrey |



y recirculation ratio was approximately 10:1. The exact fuel rate was set
E with a needle valve following a rotometer. One of the reservnir vessels
acted as a standard and was never contaminated with additives. The other
vessel was used to feed all modified fuels. Since te=nperature can have a
significant effect on the spray dynamics through the nozzle, the fuel was
heated to 110°F just prior to injection.

The experimental conditions used throughout this program are
listed in Table V. The air flow rate was maintained approximately constant
while the fuel was varied for different equivalence ratios. In this maaner,

;‘ the combustor pressure was made independent of equivalence ratio.
3 TABLE V
i EXPERIMENTAL CONDITIONS
% Average Air Flow Rate = 162 1lbs/hr
; Nozzle = 0.5 GPH, 60° Hollow Cone
; ! Orifice Diameter = 0.281 in
.
E } Combustor Pressure = 49,2 PSIG
. i Axial Pressure Drop in Combustor < 0.5 PSIG
3 % Alr Preheat = /25°F
| Inlet Air Moisture = 400 to 4000 PPM (V)
X {
. Fuel Preheat = 110 + 5°F
' Average Fuel Flow Rate = 3,4 lbs/hr
% 3, SAMPLING AND ANALYTICAL SYSTEM

: The sampling system was designed and constructed to insure that
representative samples were delivered to the various instruments. Tests
indicated that the total analytical and sampling system provided a rapid
response to changes in the emission levels in the combustor effluent. De-
: tails of the sampling system are shown in Figure 7., The sample gases from
2 the quartz probe passed through a heated sample line, Quartz probes were
used in order to avoid catalytic reduction of NO by CO (22). Exhaust gases
flowed through a Teflon tube which was contained in a larger metal tube
wrapped with heater tapes. A Gardsman Temperature controller was used to
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set the temperatur: of the sampling line. A metal tube was used to hold

the Teflon tube and to provide an even temperature distribution which pre-
vented localized burn-out of the Teflon. Because of its inertness, Teflon
is an ideal material to prevent any adsorption of gaseous components which
would bias the measurem =ts, Sample line temperatures were maintained at
300°F, and were recordet on a strip chart recorder. The heated sample line
went directly to the chr matographs, The sample lire for the other analyzers
tapped off the heated sauple line and passed through an ice-trap for water
removal, Teflon was used throughout the system.

The CO, COz, Oz znd NO analytical systems operated continuously
and results were recorded permanently on strip chart recorders. The
analyses of total hydroca:»ons and water were performed chromatographically
and depended on instrument .esponse time, The analytical and sampling
system completely eliminate: the possibility of sample contamination caused
by leaks during bottle or buib storage.

The following anal+~tical techniques were employed:

Total Hydrocarbon. lotal hydrocarbons were measured with a flame
ionization detector (FID). T.is method is the most sensitive technique for
the detection of hydrocarbons. Detector response is proportional to the
number of carbon atoms which c. n be ionized by the flame per unit time,

The technique was developed by removing the GC separation column from an

F & M 605 Flame Ionization Temperature Programmed Gas Chromatograph equipped
with a-strip chart recorder. In order to ascertain whether the oxygen
present in the combustion effluent stream affected instrument response
(23,24), some calibrations were made with analyzed mixtures of CH; in air.
No significant difference was detected by using air instead of nitrogen in
the premixed calibrating gas. The instrument was calibrated at two hydro-
carbon levels using analyzed gas mixture (33 ppm CH; in nitrogen and 280

ppm CH4 in nitrogen).

NOy. The Nitrogen Oxides were measured using an EnviroMetrics
Model N122 continuous analyzer, This is a faradic device with replaceable
fuel cell sensors. The gas is absorbed in a surface film and the oxidation/
reduction voltage signal produced is proportional to pollutant concentra-
tion., Instrument response is linear and up to 90% of full scale within 30
seconds. The analyzer was calibrated using an analyzed gas mixture (100
ppm NO in Np). The instrument output can be read from the dial and was
also recorded on a strip chart recorder. This instrument was purged con-
tinuously with nitrogen in order to obtain reproducible results, Readings
were, therefore, taken periodically rather than continuously. The
EnviroMetric was used to measure total NO_ and NO;., The NO concentration
was determined by diffarence. In order to ascertain that no interference
from other combustion products were observed on the EnviroMetrics analyzer,
periodic checks were made with a Thermo Electron and a Bendix chemilumines-
cent analyzer and a Beckman NDIR analyzer. All NOy instruments gave results
which agreed with the EnviroMetrics to within #+ 5%,
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Carbon Dioxide was analyzed contiauously using a Beckman Non-
Dispersion Infrared Analyzer witn a (-10 vol. % scale readout. Th2 CO)
readout was recorded on a strip chart recorder. The instrument was cali-
brated using an analyzed 2 vol. ¥ CO2 and 100 ppm CO in nitrogen gas blend.

Water was determined on a thermal conductivity P&E 154 gas
chromatograph employing a Poropak Q column. A sample of the combustion
gas passed continuously through a GC sampling valve, which was used to
introduce the sample into the thermal condu:tivity instrument, The tech-
nique was not sufficiently sensitive to distinguish between water emission
levels in the air-to-fuel ratio used. The results were generally low by
25zl

Carbon Monoxide was analyzed continucusgly with a LIRA Infrared
Analyzer Model 200 (Mine Safety Appliances). The instrument was calibrated
using an analyzed 1000 ppm CO and 10,000 ppm CO mixture in nitrogen.

Oxygen was determined using a Beckman Model 715 Process Oxygen
Monitor, This instrument uses a long-life polarographic sensor to measure
oxyten, The instrument was calibrated using air.

Tests conducted on the instruments using preanalyzed gas mixtures
indicated highly accurate and reproducible measurements of all emissions
species of interest.

4, ADDITIVES

The additives were used without further treatment., They were
added to measured quantities of fuel in the pyrex fuel tanks and mixed,
The modified fuel was pumped through a filter and rotometer into the com-
bustor, The rotometer calibration was checked with each additive and where
necessary the fuel rate was corrected for deviations due to the additive,
The emulsions that were too viscous to pump conventionally were fed into
the combustor using a cylinder with a tightly fitting piston., The emulsion
was loaded into the cylinder by hand and sealed, Urmodified fuel was used
to drive the piston which in turn forced the emulsion into the combustor,

Over 70 additives were tested in this program, These included
12 metal naphthenates, 6 metal acetylacetonates, 5 metal salts of neoacids,
6 miscellaneous metal compounds, 4 alkall and alkaline earth metal carbonate
suspensions, 17 non metal containing additives, and 21 emulsions. Only the
additives that showea NOy reductions of 15% or more were replicated. The
variation of metal concentration on NOx reducing effectiveness was studied
for cobalt, iron, copper, and mangarese, A detailed description of all the
additives tested is included in Tables VI, VII and VIII., The category
column refers to the items on pages 15 and 16 in the Introduction,

The metal acetylacetonatas (Metal Acac) are nct soiuble in most

common solvents. In order to introduce these compounds into Jet A, a com-
mercial Esso solvent (ECA 9003) was used, This solvent is a mixed Cy alkyl
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phenol containing 652 monoalkyl phenol and 35% dialkyl phenol. The metal
was generally dissolved to approximately 22 in the alkyl phenol and then
diluted to the desired concentration in Jet A. As much as 5% of the fuel
was alkyl phenol when the metal acetylacetonates were rum,

The Petrolite emulsions contained a proprietary nonionic emulsi-
fier blend called Tech Mul-2. The emulsifiers are oxyalkylates of linear
and branched alcohols and they contain only carbon, hydrogen and oxygen in
their makeup. The compound b~4367 is a proprietary antioxidant described
as an oxyalkylated amine containing approximately 25% nitrogen in its
composition the remainder being carbon, hydrogen and oxygen.

The Esso prepared emulsions contained a mixture of Tween 20 and
Span 80. These emulsifiers are manufactured by Atlas Chemical Industries,
They contain only carbon, hydrogen and oxygen.




SECTION IV

RESULTS

Experiments were run over the equivalence ratio range of 0.27 to
3 0.34, Equivalence ratio, ¢, is the ratio of stoichiometric air to fuel

4 ratio to operating air to fuel ratio. This range of equivalence ratios
corresponds to aircraft engine operation at full power, Experimental ve-
sults were obtained under the operating- conditions listed in Table V. The
2 equivalence ratio values were calculated on a stoichiometric air to fuel

: vatio of 14.6 (by weight) which corresponds to a fuel with a hydrogen to
carbon ratio of 1.89., The hydrogen to carbon ratio for Jet A was deter-
mined experimentally using a very accurate combustion technique and mea-

; suring the CO; and H,0 produced, The ratio is 1.89 + 0,08 at the 95%
4 confidence level, Measurements of impurities in the fuel indicated that
& the percent oxygen is 0.38, the percent sulfur is 0.05, and the percent

nitrogen is 0,00, The contribution of fuel nitrogen, assuming that the
fuel contained 0.,005% nitrogen and it was all converted to NO,, would be
0.16 1b of NO, (as NOj) per 1000 1b of fuel.

The material balance calculations and the treatment of the data
- are explained in Appendix V. The experimental mole fraction values for CO,,
CO, O, and NOy were multiplied by a factor (1.0 - 0.132¢) in order to com-
pensate for the water removed in the ice bath,

[ 1. EMISSIONS WITH UNMODIFIED FUEL

In order to measure the effectiveness of the fuel modifications

E: tested, 93 runs were interspersed with unmodified Jet A fuel, The results
of these runs were subjected to a statistical analysis in order to obtain

the least squares relationships between the various components of the flue
gas and equivaleice .atios,

The least squares relationships that were obtained with unmodified
F: Jet A fuel are listed in Table IX for Can I and in Table X for Can II. The
data in these tables are based on a linear regressions of the 93 separate
rung that were made over the duration of the experimental phase of this
program., The experimental dataare given in Appendix IV,

SR, T L b

All these equations apply only within the limited range of the
experimental work, The tolerance limits on the slope of the least squares
: lines were calculated by multiplying the appropriate Student's t value by
A the atandard error of the estimate. The average carbon balance for un-

g modified Jet A combustion was 96.3% and the average oxygen balance was
] 98.8%.
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TABLE IX

LEAST SQUARES RELATIONSHIPS FOR CAN I

% Variation at 95%

Linear Equation Constraint Confidence Level
% co, = (12.2 +0.3)¢ Constant = 0 2.6
4 02 = (20.1 + 0.9) (1-¢) Variable = (1-¢) 4.7
Constant = 0
ppm CO = ~(11.9 + 1.8) 1000¢ + none 15.3
6400
ppm HC = (18.1 + 1.5) 1004 - ncne 8.3
508
ppm NO_ = (18.6 + 0.8) 10¢ * none 4.3
% ul
29.6
ppm NO, = (55.8 + 3.8)¢ - none 6.8
2.24
Te, °F = (24.6 + 0.6) 100¢ + none 2.5
768
Tp, °F = (23.7 % 0.6) 1004 + none 2.6

808




v
s,

TABLE X

LEAST SQUARES RELATIONSHIPS FOR CAN II

Z Variation at 95%

Linear Equation Constraint Confidence Level
% co, = (12.2 + 0.4)¢ Constant = 0 3.4
%0, = (20.8 +0.7) (1-¢) Variable = 1-¢ 3.4
Constant = 0
ppm CO = -(47.1 + 1.6) 1000¢ none 3.5
+ 18100
ppm HC = -(22.2 + 1.8) 10¢ none 8.0
+ 86.5
pPpm NOx = (34.4 + 1.1) 10¢ none 3.1
+ 23.0
ppm NO2 = (17.8 + 0.8) 10¢ none 4.4
+ 34.1
Te, °F = (33.5 + 7.8) 1004 none 2.3
+ 516
Tp, °F = (30.9 + 7.2) 100¢ none 2.3
+597
- 135 -



In order to provide a converfeat source for comparison of the
emission levels determined here with flose from actual aircraft engines
the mole fraction vzlues were convert:d to emission index units and are
reported in Table XI.

TABLE XI

AVERAGE VALUES OF EMISSION INDEX AND
TEMPERATURES FOK UNMODIFIED JET A COMBUSTION

Emission Index Standard
Parameter 1b/1000 1b Deviation

Carbon Dioxide 2772 139
Oxygen 7598 610
Carbon Monoxide 147 53.4
Unburned Hydrocarbons as Methane 0.843 1.38
Oxides of Nitrogen (as Nitrogen Dioxice) 6,55 0.404
Nitrogen Dioxide 1.55 0.352
Exit Temperature, °F 1555 62.3
Probe Temperature, °F 1554 56.1

The method for converting mole fraction values to emission index is des-
cribed in Appendix V and is based on equation (8).

- np + 4,76 (4 + n) 14,7 (MW) 4 3
L xi[: %.76 (G + 1) 5 X9 x10 (8)
where:
Xi = mole fraction of i.
EI, = Emission index in 1b of 1/1000 1b fuel.
n = Atomic hydrogen to carbon ratio of the fuel = 1,89 for Jet A.
¢ = Equivalence ratio
(MW), = Molecular weight of {1,
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The average emission index for carbon monoxide was more than an
order of magnitude higher than those reported from actual engine emissions
measurements (13,14,15). This high level of carbon monoxide is attributed to
less efficient mixing in the Esso combustor as measured by the low pressure
drop through the combustor. In general, aircraft combustors have a 5%
pressure drop (A P/P) while the pressure drop in the laboratory unit was
about 1%,

A reference set of emissions was calculated for each fuel modifi-
cation run using the least squares lines. These reference emission were
uged to calculate the change of emission levels due to the modification.
The reference set of emissions is tabulated in Appendix II. Figure 8 is a
plot of NOy mole fraction in the effluent as a function of equivalence
ratio. The least squares line 1s that given in Table X and the calculated
line is based on equation (6) assuming that combustion occurs at an equi-
valence ratio of 1.0 and fuel flow ra.e sets the residence time in the
primary zone. The primarg zone residence time at an overall equivalence
ratio of 0.27 is 1.5 x 10° seconds which was calculated assuming an L/D
of 0.5. Calculational details are given in Appendix VI,

In addition to the least squares regression reported in Tables IX
and X,the degree of linear relationship between the measured parameters and
NOy, was determined. The statistical measure of the degree of relationship
between two variables is called the correlation coefficient and is defined
as the square root of the ratio of the explained variation to the total
variation (25). A correlation coefficient of 0.8 means that 64% of the
variation is accounted for by the least squares line. The other 36% must
be accounted for by other factors. The simple correlation coefficients
listed in Table XII were obtainad from runs 1 to 42 using Can I, and from
runs 43 to 93 using Can II. The minimum value of the simple correlation
coefficient at the 95% confidence level for the number of experiments that
were run is also included in Table XII.

Other parameters such as inlet air moisture and combustor pres-
sure did not correlate significantly with Nox.

2. EMISSIONS FROM MODIFIED FUEL

Approximately 70 fuel modifications were tested using Jet A as
the base fuel. These fell into the 7 categories mentioned in the Introduction.
Only category 1 proved to be effective in reducing oxides of nitrogen emis-
sions, The results with transition metals are presented in Figure 9. The
mechanism for NOy reduction with transition metals was not determined but
seems to parallel results that have been observed in heterogeneous catalytic
systems (26). Figure 9 shows that the logarithmic activity of some transi-
tion metal oxides for NO decomposition follows a similar trend to that
observed with the transition metal additives that were tested in this pro-
gram. The contribution due to the organic ligands was neglected as a first
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TABLE XII

CORRELATION OF NOx WITH OTHER EMISSIONS AND TEMPERATURES

Parameter Simple Correlation Coefficient (r)
Can II Can I
Calculated Min. Required Calculated Min. Required
Equivalence ratio, ¢ 0.678 0.276 0.650 0. 304
co,, Y4 0.865 C.281 0.703 0.304
0,, % 0.678 0.273 0.650 0.320
C0, ppu 0.685 0.276 0.553 0.304
NO,, ppm 0.643 0.276 0.647 0.482
Te, °F 0.901 0.301 0.736 0.304
Tp, °F 0.838 0.295 0.678 0.304
~ 38 -
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approximation in plotting these results. The four most effective metals
vere studied as a function of treat rate. The data for manganese and iron
are shown in Figure 10 and the data for cobalt and copper are shown in
Figure 11. All four metals became less effective per incremental treat
rate increage. The only other effective metal was zirconium which reduced
NO, by 11X at a 0.1% (w) treat rate and 227 at a 0.2Z (w) treat rate.
Other organometallic compounds containing calcium, cerium, lead 3luminum,
lithium, and antimony did not reduce NOy significantly at the 0.1% (w)
metal treat rate. :

Four suspensions of metal carbonates werc run at 0.1% (w) metal
treat rate. Sodium carbonate reduced NOy by about 16% and lithium carbonate
by about 10%, The other carbonates, barium and calcium, were not effective,

Out of the 16 homogeneous (soluble liquid additives) fuel modifi-
cations only n-butyl mercaptan was effective. The mercaptan reduced NO, by
almost 11%Z. The nitrogen containing compounds increased NO, in proportion
to their nitrogen content. Approximately 25% of the nitrogen was converted
to NOy. As the treat level of nitrogen containing additives was reduced,
the conversion of nitrogen to NOy decreased at a greater rate than the re-
duction in treat level. This effect was not fully explored. The homogeneous
additives tested include ethylene ether dimethyl glycol, benzene, carbon
tetrachloride, ethanol, propyl nitrate, aniline, polyisobutylene, dicyclo-
pentadidne, hexafluorupropancl, a C13 branched amine, N,N,N,N-tetramethyl-
amine, and N-butyl mercaptan.

A number of water emulsions were run in order to determine the

effect of water in reducing NO,. Water emulsions also provide a convenient !
vehicle for introducing inorganics into the fuel. Emulsions were run with ‘
up to 33% (w) water. No reduction in NOy was observed as a function of

equivalence ratio. The only effect was an increase in the NO; to NO, ratio
as shown in Figure 12. A series of water emulsions containing equal molar
concentrations of the alkali metal hydroxides gave the results plotted in -
Figure 13. Sodium proved to be the most effective additive in this series. i
The only other water emulsion that showed some promise in reducing NOy was i
one that contained 37 ppm (w) hydrazine acetate. The runs with this emul- !
sion were erratic but some replicates gave as much as 16% NO, reduction. :
The emulsions which were ineffective were methanol, ammonium formate, !
ammonium nitrate, ammonium molybdate, ammonium hydroxide, and hydrazine.

Some runs were made with a cowbination of additives from two
categories in an attempt to see whether synergistic effects are possible,
Antimony triphenyl and carbon tetrachloride reduced NOy by 12% which was
in excess of the reduction cbtained with *hese additives separately.

A simple way of ranking the effectiveness of the fuel modificacions
was developed. The effectiveness of the additives was measured in terms of
the number of molecules of NOyx reduced per molecule of additive. Some of
the more effective modifications are .isted in Table XIII,
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SECTION V

DISCUSSION

The fuel modification experimental program was designed to be a
broad based search for NOx reducing additives. Practical limitations to
the use of these additives in actual aircraft engines were relegated to
secondary importance in order not to obscure potentially interesting leads.,
The potentially usetul approaches to the problem were classified into 7
general categories which were described in the Introduction. These catre-
gories were selected so as to systematize the search for additives and/or
modifications based on theory and prior art and to avoid a pure trial and
error approach., As indicated in the results section, the organometallic
compounds of some of the transition metals prnved most effective in re-
ducing NO,. The mechanism for NOx reduction v "th transition metals was not
determined but seems to parallel results that huve been observed in
heterogeneous catalytic systems (26).

The catalysts that have been used to affect either the decomposi-
tion or reduction of nitrogen oxide have been heterogeneous catalysts. A
bed of solid catalyst or a screen of catalyst wire was contacted with the
nitrogen oxide containing gases, The metal and/or metal oxide catalysts
which are active for NO conversion are insoluble in jet fuel, Organo-
metallic compounds were added to the fuel as soluble compounds or when not
soluble an organic carrier was used to maintain these compounds in solution,
Upon entry into the combustion zone, these compounds are expected to form a
highly dispersed heterogeneous catalyst. Indeed, in some experiments with
iron compounds a red brown powder was found on the combustor can which was
agssumed to be iron oxide. Similarly, other metals seemed to leave traces
of tielr oxides on the combustor can.

The introduction of metal containing compounds into the combustor
of a gas turbine engine can cause serious operational problems. Deposits
can be formed which could produce "hot spots” resulting in erosion and
corrosion of the liner and turbine vanes, In addition, organometallic com-
pounds are known to accelerate the formation of sediment in alrcraft fuels.
The sediment can plug narrow passages and foul heat transfer surfaces
rendering an aircraft inoperable (22). These detrimental factors were not
considered in choosing fuel modifications in order not to miss any leads to
potentially promising approaches.,

The mechanism and kinetics of NO formation in flames makes its
production extremely sensitive to the time-temperature-~history of the com-
bustion process, and the oxygen concentration in the flame zone, Conse-
quently, fuel additives or changes in composition capable of altering these
factors could have a pronounced effect on the NO emission from jet engines,
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The rate at which NO is formed from molecular nitrogen at high
temperature depends .apon the availability of atomic oxygen for reaction (2).
Other factors being equal, any reduction in the concentration of atomic
oxygen decreases the rate of NO formation and hence its emissions.

A reduction in atomic oxygen availability can be produced by
using compoundes capable of reacting with oxygen atoms or catalyzing their
recombination., Compounds possessing these properties are known and have
been studied and used for their flame inhibiting properties which also
depend on the ability to scavenge or recombine oxygen. Some of the more
effective compounds known for their flame inhibiting characteristics include
the halogen gases (with the exception of florine), certain organo-halogen
compounds such as CF4Br and CF4COCF3, alkali metal oxides and carbonates,
and certain organometallic compounds.

The metal oxides and carbonates act through the formation of metal
peroxides by a mechanism involving atomic oxygen. This is in line with the
fact that both the ease of formation and the stabilities of peroxides of
the alkali metals increase with molecular weight as do the extinguishing
efficiencies of the oxides and carbonates (28). In the series of alkali
metal hydroxide solutions that were added to jet fuel as emulsions, sodium
was found to be most effective. With this exception, the trend with molecu-
lar weight was followed with the other alkali metal hydroxides.

Out of the four carbonate suspensions that were tested only the
alkall metal carbonates were effective. Sodium carbonate reduced NO, by
16% and lithium carbonate by 10%,

The effectiveness of the organometallics may be due to
their ability to scavenge oxygen atoms rather than catalyze NO decomposition,
No data is available to rule in favor of one mechanism over the other but
some metals such as aluminum, which would be expected to scavenge oxygen
atoms, did not reduce NO,. On the other hand, this result is consistent
with the inab‘lity of alumina to catalytically reduce or decompose NOyx (29).

Besides the halogen and metal containing compounds, soot (i.e.,
smoke) could also prove effective for promoting the recombination of oxy-
gen atoms., Addition to the fuel of such soot precursors as benzene and
dicyclopentadiene did not, however, reduce NO, emissions,

Using fuel additives to produce lower combustion temperatures
provides another technique for reducing NO emissions, Since the rate of
NO formation from molecular nitrogen and oxygen is so extremely temperature
dependent (see Appendix VI), small changes in peak combustion temperatures
significantly affect NO formation. In gas turbine engines, peak tempera-
tures are normally reachted in the vicinity of the primary combustion zone
where close to stoichiometric air/fuel conditions are achieved. Conse-
quently, it is in tnis part of the engine where reductions in temperature
would have thelr greaiesc impact in reducing M formatiom,
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Peak combustion temperatures in jet engines can be reduced by
increasing the radi-~tive heat transfer characteristics of the primary zonme.
Any particulate matter in the flame, including soot, would increase the
amount of heat radiation from the flame. Increa<ing the CO, content of the
gas would also increase its radiative character. This category (category 3
in list) proved ineffective since all organometaliic additives increased the
solids loading in the flame yet some metallo-organics were effective NOy
reducers while others were not. Thus, one camnot attribute any significant
reduction in NOx to a radiative heat transfer mechanism.

A second potential method of redvcing peak combustion temperatures
in the jet engine would be to add compounds to the fuel capable of under-
going endothermic physical or chemical conversions within the primary zone
of the jet engine., This could involve adding compounds to the fuel that
are likely to underge such reactions. Of course, the heat absorbed by the
endothermic reaction in the fuel rich primary zone would be released in
the cooler secondary zone as long as combustion was completed there. Thus,
combustion efficiency need not suffer with this approach.

Water is generally considered the prime candidate additive capable
of undergoing endothermic physical changes. Since the vaporization of
water removes approximately 1000 Btu/lb compared to a fuel heating value of
about 18,400 Btu/lb, water addition to the fuel would produce only small
changes in combustion temperatures unless it were used in prohibitively
large amounts. However, even small changes in jet engine peak temperatures
may be sufficient to cause substantial changes in NOx emissions, This fuel
modification proved ineffective in this program even with water levels of
33% (w) of the fuel. On the other hand, an increase in the NO; to NOy ratio
is indicative of a reduction in operating temperature. As can be seen in
Figure 14 the NO2:NOy ratio, calculated from equilibrium data (5), increases
as temperature decreases under fuel lean operation. A recent paper evalua-
ting the effect of water in gas turbines was presented by Lipfert (30). He
shows that the effect of water is a function of the water to air ratio (by
mass) and that relatively small effects are produced by water to air ratios
of less than 0,01, Since 33% (w) water in fuel correponds to less than
0.007 1b water per 1lb of air,it is not surprising that no effect due to
water was observed, Also, Boccio, Weilerstein and Edelman (31) recently
showed that the effectiveness of water emulsions in reducing NOx is a func-
tion of droplet size and residence time in the primary zone. Using the
correlations presented by Boccio et al for conditions that are assumed
repregentative of the Esso combustor, i.e,, 1.5 millisecond residence time
and 35 micron droplet size (32), small NO, reductions are predicted.

Exposure time at peak temperature is the most important parameter
in determining the level of NO; emissions (see equation(6)). In the absence
of engine redesign, the best way of decreasing this exposure time is to
delay ignition of the fuel., Some of the antiknock compounds used in gaso-
line were tested as gas turbine ignition delay additives, The most effective
antiknock compounds are the organo-metals, tetraethyl and tetramethyl lead,
Other compounds, including aniline, some ketones and ethers are also known
to be effective, As ignition delay additives for jet fuels, however, none
of these proved to be effective,
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3 The possibility of synergistic effects was not explored

E thoroughly. It was found that antimony triphenyl and carbon tetrachloride
- reduced NO, in excess of the sum of the NO,  reduction values observed by
E: the two components separately. This combination has been found effective
3 in reducing flammability of plastics.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

No "fully effective modification" was found. The most effective
fuel modifications reduced NOy by a third to about 4 1b NOy per 1000 1b
fuel. Other emissions and the outlet temperatures were not affected by the
modifications. The effective additives contained metals in the 0.1 to 0.5%
(w) range. This method of NOyx reduction will not be practicable because:

1, Metal and metal oxides emissions may be more detrimental
to the environment than the NO, that is being removed.

2. The incremental benefit in NOy reduction may not be
worth the additional fuel cost.

3. Some metals and metal oxides corrode and errode
turbine blades.

4, Metals tend to catalyze the oxidation of the fuel
forming sediments and deposits.

The results obtained in this program can possibly be used for NOy
reduction in aircraft during take-off and climb out. Since during take-off
and climb out,both smoke and NO, tend to be highest, one could inject
ferrocene or manganese based organometallic compounds from a concentrate
tank, This would help reduce smoke and NOy during the period when these
emissions are highest., However, detrimental effects on the engine may
preclude the use of additives even in this case.
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APPENDIX 1

EXPERIMENTAL RESULIS

The experimental results are tabulated in chronological order.
Table XIV reports the data in mole fraction units and Table XV reports the
data in emission index units. As indicated in the Results Sectiom,the CO,,
€0, NO, and N0, values were multiplied by (1-0.1329) in order to present
the results on a wet basis., The material balance calculations were done
using the formulas derived in Appendix V. The program for computing these
tables 1is included in Appendix VII. The following notes pertain to these
tables:

1. All values reported as "0" indicate that no measurement
was taken,

2. A minus sign in front of C BAL or 0 BAL indicates that
one of the components was not measured, Therefore,
the value i3 a minimum.

3. The numerical value in front of the fuel modification
symbol 1is percent by weight of that modification in
the fuel.

4, The fuel modifications that were run as emulsions
indicate the percent by weight water in front of
the symbol.

5. Runs 71 to 84, 103 to 105, and 181 to 184 were
reported using (coz) = 12.2¢ rather than the
measured ¢,

6. In runs 129 and 130, ¢'s were calculated using
TE = 3351¢ + 516 rather than the measured ¢'s.

7. The mole fraction and emission index of unburned
hydrocarbon fuel, HC, is reported as methane,

8. TE is the average temperature 4,5 inches downstream
from the orifice,

9. TP is the average temperature 7.5 inches downstream
from the orifice. This was also the location of the
probe,

10, The EI for NOx is reported as Mo, equivalent,
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, APPENDIX 1I

REFERENCE EMISSIONS ’

The reference emissions were calculated for the equivalence ratio
of the modified fuel runs and are reported in Table XVI, The appropriate
least squares relationships given in Tables IX -and X were used to calculate
the emigsions. The carben and oxygen balances were calculated using the
calculated reference emissions. The formulas used for the material balance
calculations are derived in Appendix V. The program for computing these
tableg is included in Appendix VII. In four runs the least squares HC line
predicted negative values, These!were reported as Zero, '
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APPENDIX IiI

MODIFICATION EFFECTIVENESS

The effectiveness of the fuel modifications was measured Ly com-
paring the experimental emissions containing the fuel modification with the
reference emissions, The formula used was:

(experimental erlssion) - (reference emission) x 100 9)
(x<ference emission)

A negative quantity, therefore, indicates a reductionm.

The experimental emissions were taken from Table XIV and the
reference emissions from Table XVI. Asterisks indicate that no experimental
me isurement w.re taken, Any run which contains asterigks in one of the
columns other than PHI, TE and TP has an incorrect value in the C BAL and
U BAL columns., The program for computing these tables is included in
Appendix VII. The results are presented in Table XVII and are ‘udependent
of dilution effects, The dilution effects are factored out sinc. the
experimental and reference values are taken at the same equivalence ratio.
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The data obtained with unmoditiea . e e
section. The experimertal values for CO2, 02, CO, NO, and Nu, . cted
ty (1-0.1329) and are presented on a wet basis. Table XVIII presents the
unuodified Jet A data on a mole fraction basis for Can I and Table XIX pre-
sents the same data for Can II. In a similar manner Tables XX and XXI
present the unmodified Jet A data in emission index units for Can I and
Can II, respectively, The detailed mathematical technique for converting

mole fraction measurements to emisslon index units is given in Appecdix V,
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APPENDIX V

MATERIAL BALANCE CALCULATIONS

The general chemical equation for burning in excess air can be
approximated by,

i o - n 1 B
CH, +5 (L +7) [0, +3.76 N)] = €O, + 5 H)0 + & (1 +7) 3.76 N, +

G-Da+Po, o

Assumed in equation (10) is that the CO and CO, levels in the reactant air
are negligible and that the CO and unburned hydrocarbon levels in the prod-
uct stream can be neglected as a first approximation. These assumptions
have been confirmed experimentally,

The stoichiometric air to fuel ratio (A/F)s, can be calculated
as a function of hydrogen to carbon ratio, n.

o L 4.76 1% n/4) 29 = b4 tn 11
(A/F) i (12 = n—) 34.51(12 +n> (11)

Similarly, equivalence ratio can be expressed as a function of n and
operating air to fuel ratio (A/F),.

{ 4+ n
i

¢ = (A/F)s (F/A)o = 34,51 1% n) (F/A)o (12)

\

In order to calculate the expeci:d volume percent of CO,, H20,
and 07 in the combustion effluent stream the mole ratio of reactant air to
product gases, B, must pe obtained.

1/6 (1 + n/*) 4.76
1+ 3.76 + (% - A+ (13)

—
+
oo
+
© jh
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which reduces to:

4.76 (4 + n)

B M +4.76 G+ (14)

The volume percent carbon in the effluent stream can be calculated
agsuming that unburned hydrocarbons are expressed as methane,

29 B 100
= = (
% C=12 (Co,+CO+ CH,) ‘F/A)o (}2 - (15)

Substituting equation (12) into (15) the equation for carbon volume percent
as a function of n and ¢ is obtained.

) 400 ¢ 16
*C= 3 FL.76 G I (16)

The volume percent water is simply the volume percent carbon multiplied by
n/2.

200 n¢
n$ + 4.76 (4 + n) an

% H20 =

The volume percent oxygen can be calculated by multiplying the
volume percent carbon by (1/¢ - 1) (1 + n/4).

- 100 (1 -¢) (4+n)
2 ng +4.76 (4 + n) (18)

20

Using the experimentally determined hydrogen to carbon ratio of
1,89 for Jet A fuel, then the predicted emission mole fractions in the range
of .27< ¢ <,34 are:

% (CO, + CO + CH,) = 13.8 ¢ (19)
%0, =20.6 (1-¢) (20)
% H0 = 13.2¢ (21)

B = .977 (22)

The correction factor for reporting CO, (0, NOy, and O on a wet
basis is therefore:

(1 - 0.132 ¢). (23)
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Additional corrections for CO, and CO present in the air originally
can be added to the material balance equations listed above If additional
accuracy is desired. This correction was found unnecessary for the results
reported here,

The material balance equations used to compute the carbon balance
and oxygen balance reported in Appendices I and IV are: {

.. Deasured mole fraction of carbon components (24)
%C Equation 16 x 100
-4 -4
7C = ¢4 002 + 10 " ppm CO + 10 ~ ppm HC)(n¢ + 4.76(4+n)) (25)
4 ]
70 = measured mole fraction of oxygen components + 1/2(Equation 8) (26) ‘
2 Equation 16 + 1/2(Equatior 17) + Equation 18 {
(X Co, +%0,+5x 107> ppm CO + 5 x 1072 ppm (No_-No,)+ 1074 ppm NO,)+
100 n¢/{n¢ + 4.76 (4 + n))
20, =
2 (4+n)/(né + 4.76 (4+n)) ;
(27) %‘

Equations (25) and (27) reduce to:

L e nbvmdas aa

% C = (1.89¢ + 28.04) (measured mole fraction of carbon components) (28)
4¢

y3 02 = 32.1¢ + (0.321¢ + 4.76) (measured mole fraction of oxygen compounds)
(29)

In order to convert the mole fraction of a component i in the
combustion effluent stream to emission index in 1b per 1000 1b of fuel,
one multiplies the mole fraction value by the molecular weight of i and
by equation (11) and divides the product by equations (12), (14) and the
molecular weight of air. The resulting expression is:

ey (5_) (n6_+ 4,76 (4 + ) (m0§ 10° (30)
1= %4\F) 5.6 v §

The symbols are defined on page 36.
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Since n = 1.89 and (A/F); = 14.6 for Jet A, Equation (30) reduces

. 503
EI; = X (uw;i (33.9 + R (31)

Equation (31) was used to compute the emission index values for
Tables XV, XX and XXI. Similarly, one can calculate the emission index of
any effluent species if the hydrogen to carbon rstio of the fuel and the
equivalence ratios are known,
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APPENDIX VI

KINETICS OF NO FORMATION
IN GAS TURBINE COMBUSTORS

The mechanism for NO formation in hot air was described in the
Introduction and is summarized below:

M+02——-1————‘~ 20 + M 1)
o ——

0+N, ——— NO+N (2)

5
N+0, —>—= NO+0 (3)

N+OH—_—> No+1 4)
——

8

where reactions 2 and 3 are referred to as the Zeldovich chain mechanism.

In Table XXII are listed the mole fractions of all combustion
product species with a mole fraction greater than 5 x 108 based on equili-
brium calculations (5). The calculations were run assuming 4 atmosphere
pressure and an air preheat of 400°F (478°K) using a fuel with a carbon to
hydrogen ratio of 1,9185, This is representative of the Esso High Pressure
Cannular Combustor using Jet A fuel. The mole fraction of nitrogen atoms,
at equilibrium, never achieves a significant level. One can, therefore,
make the steady state assumption for nitrogen atoms, (¥) = O, The steady
state value for nitrogen atoms is:

-1
k3(N2) + k6(NO) + kS(H) (NO) (0)

®_ = (0) ~ (32)
85 kA(NO) + k5(02) + k7(»H)
where the brackets are used to indicate conceatration in moles cm-3.
The rate of production of nitric oxide is:
‘MO) = k,(0)(N -k, (N)(NO) + ko (0,)(N) - k (NO) (0) + k. (OH) (N)

-k g(H) (NO)
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4
The addition of (ﬁ) + (ﬁo) gives the following equation:
® k, (NO) (N
M) - (o) = 2ky(0) w, - SO (34)
k3(0)
Substituting equation (32) into (34) and making use of the equilibrium
relationships,
2
R s 221
0 "k, Rk WLy k, kg (0 (00 (),
the following equation is obtained.
[
(0)) (V) (N,)
k.(0.,) 2 2’ (OH) -
. 552 | G, ) NO)> + k, (OH) m,y, (O,
(N0) = 2ky(0) (N,),, L
L k, (NO) +kg(D,) + Kk, (OH)
(NO) (O) (H)
e /) © m, (35)

Do A = T YT TORT TR g T T e T e T R Ty ST TR e et e T IR, T e T e e

g
!

B

o

Since the equilibrium mole fraction of NO is always small compared
to the maior combustion products (COp + H30) one can assume that the NO

producing reactions add little heat to the flame. The combustion reactions

can, therefore, be assumed vo take place at the adiabatic flame temperature
and the primary combustion species are assumed at equilibrium., Equation
(35) can now be simplified to:
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. 2k,(0) (N

.
4 a . i e®e 2 b1
] i ° T Ty, (r-5" ] ! k, o
: +
ks(0p) 4+ k7 (OW),
(NO), (NO),
o
where p = (NO)
(NO) .
e
5 Making use of the equilibrium constants K, = (O)e/(02)e and Kyg which
was previously defined, the desiced solution for p is obtained.
3 y , - .
. 1/2,. | 1/2
a ; 2k K (Nz)e 1 - p2 .
g 1%/2 (rny /2 1/2 R
| 4 N0
3 k(0,), 1/2 /& + 7(°H) )
A Equation (37) is integrated to give

(6+1) In O=p) + (6-1) In (L +p) = -6t

where,
; xe \*
4 K, KX —2
4 B\
; 5 =

1+ 5 (’i&)
k X
5 02

X, = mole fraction of component i.

P = pressure in atmospheres.

b 3

; ¢ atm cal .
] R = gas constant = 82,057 ole °K 1.987 Tole °K

T = temperature in °K

1/2 1/2 1/2
0 = Ak,K, XVL

1/2

Ky RT

- 10y -
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37

(5)

(38)

(39)




The following values for the rate constants (32) and a calculated
value for k; based on collisio .. ory were used to evaluate § and O,

k

1 - -
3 1.36 x 104 exp [:-75,400/R£] em’ mole”l sec 1

13 - -
k4 3.10 x 10~ exp (-334/RT:] cm® mole™! sec™!
k

5 6.43 x 10° T exp [-6250/Rf] cn mole”! sec”!
11 - -
7 7.25 x 10 T% cm3 mole 1 sec 1

k

(-]

o The value for k; was based on a collision diameter of 4.7A for OH
and 2.7A for N, The equilibrium constants k°1/2 and KNol 2 yere determined
by at least squares fit of the JANAF values (33) over the temperature range
1000°K to 2500°K,

1/2 1/2

K.7/° = 2,90 x 10 exp [-60,755/RT] atm

1
K2 2 4,52 exp [-21,583/RT]

The numerical expressions for § and O are:

4, -1 XN, :
2,18 x 10° T = exp (-15,665/RT) ia—
4y
p = (40)

X
1+1.13 x 102 T7¥ exp (6250/R’1‘)(5{%}1)
2

o = 4.2 x 10 77! p¥ xﬁz (exp - 114,572/RT) sec™t (41)

The value for § and @ for the equivalence ratios 0.8 to 1.1 are
included in Table XXII, The time required, in milliseconds, to achieve a
particular fraction of the NO equilibrium value is tabulated in Table XXIIT,
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TABLE XXIII

TIME TO ACHIEVE A PARTICULAR p

Equivalence Ratio

p 0.8 0.9 0.95 1.0 1.1
0.01 1.72 0.391 0,225 0.136 0.0095
0.05 8.86 2.01 1.16 0.698 0.433
0.1 18.3 4.16 2.39 1.45 1.04
0.2 39.4 8.91 5.13 3.14 2.31
6.3 63.8 14.4 8.29 5.11 3.85
0.4 92.4 20,9 12.0 7.47 5.73
0.5 127 28.6 16.5 10.3 8.06

Equation (5) c~n be siaplified for the conditions generally
applicable to gas turbine combustors by substituting a series approximation
for the natural logarithms.

In (1 - p) = -p - 1/2p2 - 1/3p3 - 1/4p"-....... (42)

In 1 ~-p)= p~ 1/2p2 + 1/3p3 + 1/4p4—....... (43)

The following expression is obtained.
2 2 35)
p(2 + 3P + pb§ + _EE— = @t (44)

which can be simplified for p<0.2 and 6<0.8 to:

o =& )

The errors involved in using the approximate equation (6} are
iisted in Table XXIV,
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TABLE XXIV

RANGE OF ERRORS IN USING EQUATION (6)

P § ot ot Error
Exact Approximate
Equation(l) Equation(5) )4
0.1 0.8 0.209 0.2 4.3
0.2 0.8 0.438 0.4 8.7
0.3 0.8 0.694 0.6 13.5
0.4 0.8 0.987 0.8 18.9
0.3 1.2 0.732 0.6 18.0
0.3 1.0 0.713 0.6 15.8
0.3 0.6 0.675 0.6 11.1
0.3 0.4 0.657 0.6 8.7
0.3 0.2 0.638 0.6 6.0
0.3 0 0.619 0.6 3.1

Figure 15 shows the effect of temperature on P as a function of
equivalence ratio. Equation (6) overpredicts the NO mole fre:tion by less
than 9% in the range of interest,

The empirical rate constant © behaves like a true rate constant
over the range of interest for NO, kinetics in combustion. The mole frac-
tion of nitrogen is essentially constant and the pressure is usually constant
in a combustor,

A tabulation of equilibrium mole fraction of NOx as a function of
temperature and equivalence ratio is included in Table XXV, Not that 0 is
egsentially independent of equivalence ratio. An Arrhenius plot of O is
glven in Figure 16. Using Table XXV and Figure 16, it is possible to
calculate the Zeldovich NO, mole fraction in one step. For example, assum-
ing that combustion of fuel droplets occurs on the droplet surface at an
equivalence ratio of one, at the adiabatic flame temperature, aund the
residence time in the primary zone is proportional to the fuel rate, then
the data in Table XXVl are obcained.
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TABLE XXVL

COMPARISON OF CALCULATZD AND OBSERVED
NOx LEVELS - ADIABATIC FLAME TEMPERATURE

Distance (NOx) (Nox)

¢p ¢o Primary Zone in calc. obs.
Apparent Overall Time sec P Can L/D ppm o
0.9 .27 1.5 x 1073 0.15 0.50 73 70
1.0 .30 1.7 x 1073 0.17 0.57 82 80
1 .33 1.9 x 1073 0.19 0.63 92 91

The agreement between theory and experiment is exceptionally good.
The essence of the calculation is that the product Ot is proportional to
the fraction of equilibrium achieved. The adiabatic flame temperature is
not achieved experimentally. Thus O is smaller than calculated and in tuvn
time must be longer. For example, if one assumes rhe primary temperature
is T = 3680°F (2300°K) which is about 160°F lower than the adiabatic flame
temperature, then the correspounding O is 40 and (N0) = 2317, Thus lowering
the flame temperature by 160°F would require an increase in residence time
by almost a factor of 4 to achieve the same NOx leveis, This is illustrated
in Table XXVII.

TABLE XXVII

EFFECT OF NON-~ADIABATIC FLAME
TEMPERATURE ON RESIDENCE TIME

Distance (NOy) (NOy)

¢p $o in calc. obs.
Apparent Overall D t sec Can L/D ppm ppm
0.9 .27 0.11 5.3 x 1073 1.7 74 70
1.0 .30 0.12 5.9 x 103 1.9 82 80
1.1 .33 0.13 6.5 x 1073 2.1 90 91

where, t = 1.54 x 10-3 izzh at 3680°F and overall L/D = 3.
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APPENDIX VIL

COMPUTER PROGRAM

A ligting of the Fortran 4 computer program that was used to
calculate the results in Appendix I, II and III is included here, The
experimental results were corrected and introduced on a wet basis. The
program then calculated the material balance and printed an additional
set of cards containing the material balance values. The complete set of
cards was then read-in to calculate the reference emissions and the
effectiveness of the modifications.
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